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We employ ultrafast pump-probe spectroscopy with photocurrent readout to directly probe the
dynamics of a single hole spin in a single, electrically tunable self-assembled quantum dot molecule
formed by vertically stacking InGaAs quantum dots. Excitons with defined spin configurations are
initialized in one of the two dots using circularly polarized picosecond pulses. The time-dependent
spin configuration is probed by the spin selective optical absorption of the resulting few Fermion
complex. Taking advantage of sub-5 ps electron tunneling to an orbitally excited state of the other
dot, we initialize a single hole spin with a purity of > 96 %, i.e., much higher than demonstrated
in previous single dot experiments. Measurements in a lateral magnetic field monitor the coherent
Larmor precession of the single hole spin with no observable loss of spin coherence within the
∼ 300ps hole lifetime. Thereby, the purity of the hole spin initialization remains unchanged for all
investigated magnetic fields.
The spin of charge carriers trapped in semiconductor
quantum dots (QDs) is highly promising for harness-
ing quantum phenomena for novel applications.1 How-
ever, for electrons localized in III-V nanostructures hy-
perfine coupling to the fluctuating nuclear spin bath leads
to rapid dephasing and, consequently, emphasis has in-
creasingly shifted to valence-band holes since they cou-
ple ∼ 10× more weakly to nuclear spins2,3. Moreover, for
pure heavy holes the nuclear spin coupling is of Ising-type
such that dephasing can be greatly suppressed using an
in-plane magnetic field4. Optically active QDs are par-
ticularly attractive since spin states can be directly ad-
dressed over ultrafast timescales5–11 and quantum states
can be mapped to / from the optical polarization state.
Vertically stacked QD-molecules with tunable interdot
tunnel couplings12–14 allow photogenerated charges to be
rapidly separated into different nanostructures15,16 open-
ing the way to exploit inelastic tunneling to photogener-
ate spins in the molecule to realize a high fidelity spin
based quantum memory.17
Here, we exploit ultrafast inelastic electron tunneling
within a single QD-molecule to optically prepare a single
hole spin and make precision readout using Pauli block-
ade and detecting photocurrent. An exciton with a well
defined spin configuration is resonantly generated in one
of the two dots forming the molecule using a circularly
polarized pump beam. The polarization dynamics of the
few-Fermion complex are detected using a time-delayed
probe pulse that is either co- or cross-circularly polarized
with respect to the pump. Our results allow us to directly
interrogate both the carrier dynamics (relaxation within
or tunneling out of the molecule) and the hole spin con-
figuration over ultrafast timescales. We demonstrate fast
(< 5 ps) high purity (> 96%) initialization of a single hole
spin by making use of ultrafast inelastic inter-molecular
tunneling. In strong contrast to experiments with single
dots, the purity of the hole spin initialization is enhanced
to values above (96%) since the e-h exchange coupling is
rendered ineffective by the rapid charge separation. Fi-
nally, we demonstrate the coherent Larmor precession of
a single hole spin in a lateral magnetic field. The in-plane
hole g-factor is measured to be small (g = 0.121± 0.001)
and, crucially, no detectable loss of hole spin coherence
is observed over the ∼ 300ps hole population lifetime.
These findings indicate that the hole spin coherence time
extends beyond nanosecond timescales, fully consistent
with theoretical expectations4 and the findings of refs.11
and18.
The sample consists of a vertically stacked pair of
self-assembled InGaAs QDs separated by a 10 nm thick
GaAs spacer and embedded within the intrinsic region
of a GaAs Schottky photodiode.12 Such devices facili-
tate complementary photocurrent (PC) and photolumi-
nescence (PL) measurements by varying the internal elec-
tric field. For the specific molecule investigated in this
paper detailed characterization using PL and PC have
been reported in refs.19 and15, respectively. The typi-
cal variation of the PL emission with the applied electric
field F is presented in the leftmost panel of Fig.1a. We
note that all data presented in the manuscript were ob-
tained at T = 10K. A pronounced anticrossing is seen
for electric fields of F1 = 23.1 kV/cm with a splitting of
2V0 = 3.4meV . This anticrossing arises from tunnel cou-
pling of two excitonic states where the hole is located in
the upper QD and the electron resides either in the low-
est energy orbital of the upper (eud) or lower (eld) dot,
respectively (c.f. insets of Fig. 1(a)). As F increases,
the PL intensity quenches due to tunneling of the charge
carriers out of the molecule such that PC measurements
can be performed. As shown in the rightmost panel of
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2FIG. 1. (Color online) (a) Photoluminescence emission (left
panel) and photocurrent absorption spectra recorded at T =
10K from the molecule. Anticrossings related to tunnel cou-
pling of the electron in the ground state of the upper dot
and the ground (or excited) state of the lower dot as depicted
in the insets.(b) Change of PC spectra at F = 30.4 kV/cm
for cross- (co-) circular pump and probe in black (red).
(c)Temporal evolution of ∆I for probing the X → 2X tran-
sition from (b).
Fig. 1(a), the PC experiments reveal a second anticross-
ing with a smaller splitting of 2V1 = 0.8meV . This fea-
ture arises from the coupling of eud to an excited electron
orbital state e∗ld in the lower dot.
In order to investigate the spin dynamics of charge car-
riers in the system we performed polarization resolved ul-
trafast pump-probe experiments with PC readout. To do
this, two independently tunable transform limited laser
pulse trains with a 3 ps pulse duration were derived from
a broadband femtosecond Ti:Sapphire source.20 While
one of them was used to excite the molecule, the pho-
tocurrent I induced by the time-delayed probe pulse was
measured using a lock-in amplifier.21 Blocking and un-
blocking the pump beam revealed the pump induced
change of the probe induced photocurrent, ∆I. The
quantities I and ∆I can be interpreted as the linear ab-
sorption of the molecules and its pump induced change,
respectively. To achieve spin selectivity, the optical po-
larization of the two pulses was adjusted to be either
co-circular or cross-circular.
To visualize the concept of spin-resolved optoelectronic
readout, Fig. 1(b) shows spectra of ∆I recorded at
F = 30.4 kV/cm with the pump pulse fixed to the transi-
tion between the crystal ground state and the neutral ex-
citon in the upper QD at 1310.6meV (cgs→ X) and the
tunable probe pulse, delayed by 10 ps. Spectra recorded
with co- and cross-circular pump and probe pulses are
presented by the red and black symbols, respectively.
For cross-circularly polarized pulses, we observe a pump-
induced bleaching at the cgs → X transition energy
and pronounced induced absorption (at 1308.3meV ) red-
shifted by 2.3meV from the exciton resonance. The
latter transition corresponds to the conditional absorp-
tion of the biexciton15,21. This biexciton absorption is
completely absent for the co-circular configuration, an
observation attributed to Pauli spin blockade. In addi-
tion, the bleaching of the cgs→ X transition was found
to be twice as strong in the co-circular configuration.
This is mainly a consequence of the present photocur-
rent measurement that is referenced to the probe beam;
while for cross-circular polarizations negative ∆I results
from the bleaching of the cgs → X transition only, a
co-circularly polarized probe pulse may cause stimulated
emission of X → cgs giving rise to a further reduc-
tion of ∆I. To study carrier spin dynamics, we mea-
sured ∆I at the X → 2X transition as a function of
the time delay between pump and probe pulse. The re-
sults are presented in Fig. 1(c) for cross-circular (black
circles) and co-circular (red circles) configurations, re-
spectively. For cross-circular polarizations we observe an
exponential decay of the PC change reflecting tunnel-
ing of the electron out of the molecule with a time con-
stant of te = 28.4± 1 ps. This finding is fully consistent
with previous results and theoretical simulations.6,15,21
In contrast, the co-circular configuration results in no
detectable conditional absorption within the electron life-
time, a near perfect Pauli blockade that shows that the
spin states are fully robust over the time periods investi-
gated.
In the next step, we tune the electric field F =
34.1 kV/cm such that an excited orbital state of the elec-
tron in the lower dot e∗ld (green level in Fig. 2a) is detuned
by −1.7±0.1meV lower in energy than the lowest energy
orbital state in the upper dot eud (blue). This configura-
tion is known to result in an ultrafast extraction of the
electron out of the upper dot with tunneling times faster
than ∼ 4 ps15. As depicted schematically in Fig. 2(a),
this mechanism relies on inelastic phonon mediated tun-
neling from eud to e
∗
ld which is most efficient for this spe-
cific detuning. The intermediate level e∗ld is an excited
orbital state and has a small remaining tunnel barrier
and thus tunneling to out of the QDM occurs quickly.
Spectra of ∆I for F = 34.1 kV/cm and a fixed time de-
lay of tD = 10ps after pumping the cgs → X transition
are presented in Fig. 2(b) as black (red) circles for cross-
(co-) circular polarization configurations, respectively. In
contrast to the situation in Fig. 1(b), the excitation in-
duced bleaching of the cgs→ X transition is now found
to be similar for both polarization configurations. This
observation reflects the fact that after tD = 10ps the
electron has already tunneled out of the QD and stim-
ulated emission of X → cgs cannot, therefore, occur.
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FIG. 2. (Color online) (a) Scheme of hole spin creation and
read-out. (b) Change of PC spectra at F = 34.1 kV/cm for
cross (co) circular pump and probe in black (red). (c) Tem-
poral evolution of ∆I for probing the h+ → X+ transition
from (b).
Thus, a negative ∆I results only from bleaching of the
cgs → X transition. No absorption X → 2X is de-
tected in this data, fully consistent with our expectation
of fast electron tunneling. The pump-induced absorption
at 1309.4meV is detuned by only 0.7meV from cgs→ X
arising from the conditional absorption of the h+ → X+
transition of the dot occupied with a single hole that re-
mains after ultrafast electron extraction.15 Most impor-
tantly, the h+ → X+ absorption is only present for the
cross-circular optical polarizations demonstrating a near
perfect spin blockade of the h+ → X+ transition for a
co-polarized pump. Consequently, the hole spin is shown
to remain practically unchanged during excitation and
electron extraction. To investigate this spin blockade in
more detail, ∆I was recorded as a function of the time
delay between pump and probe pulse. For the data pre-
sented in Fig. 2(c) the pump pulse drives the cgs → X
transition while the probe pulse is in resonance with the
h+ → X+ transition. The cross-circular configuration
(black) results in a sharp increase of ∆I governed by the
pulse durations and the short tunneling time te of the
electron out of the QD. This rise is followed by a much
slower exponential decay reflecting the tunnel escape of
the hole with a time constant th. The result of a fit with a
rate equation model of sequential electron and hole tun-
neling is presented as a black line and indicates values of
te = 3.1±1 ps and th = 308.3±6.9 ps. In strong contrast
to the cross-circular configuration, co-circular polariza-
tions show practically no pump-induced absorption prov-
ing a close-to-perfect spin blockade for the entire lifetime
th. In particular, the purity of the spin can be estimated
to be > 96% - limited only by the 150 fA current noise in
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FIG. 3. (Color online) (a) Lamor-precession of a single hole
spin in an in-plane magnetic field for B = 0 − 4T . Change
of PC for cross- (co-) circular pump and probe presented in
black (red) reflects the probability to find the hole in the spin
up (down) state. Fits presented as solid lines. (b) Analysis of
the oscillation periods from (a).
measuring ∆I. It is instructive to compare the present re-
sults to recent single dot experiments6,18,22 where a much
less pronounced asymmetry of te and th is found. In such
a situation, the hole spin purity is markedly reduced due
to electron-hole exchange interaction while both carriers
are present in the dot. Typical values for the purity of
the initialization of a hole spin in a single dot using cir-
cularly polarized light are 80%6. This value might be
further enhanced by applying a vertical magnetic field18
but significantly decreases to < 50% in an in-plane mag-
netic field. Such low purities comprise a severe drawback
for coherent control experiments18 but could be easily
overcome using approaches similar to those developed in
our study.
As a final step to probe the coherence of the optically
prepared hole spin state, we performed magneto-optical
experiments with a magnetic field B up to 4 T applied
in transverse to the axis of the QD-molecule, perpen-
dicular to the optical axis of our experiment. Selected
examples of ∆I transients are presented in Fig. 3(a) for
the probe pulse tuned to the h+ → X+ transition af-
ter photogeneration of an exciton. Cross- and co-circular
polarization configurations are again represented by the
black and red curves, respectively. While for B = 0T
induced absorptions are only seen for the cross-circular
case, this picture changes for non-zero magnetic fields.
4Most importantly, ∆I for cross- and co-circular polar-
izations show pronounced anti-phased oscillations with
a frequency that increases with B. Since the σ− pump
pulse effectively creates a spin up hole the absorption of
the probe pulse in the cross- (co-) circular configuration
monitors the probability P+ (P−) of the hole being in
the up (down) orientation. As a consequence, the os-
cillation directly monitors the Larmor precession of the
single hole spin in the in-plane magnetic field. We used
a rate equation model incorporating sequential tunneling
of the electron and hole as well as the Larmor precession
of the hole spin according to
P+ = A+ [exp(−t/te)− exp(−t/th)]× cos2(ωLt/2) (1)
P− = A− [exp(−t/te)− exp(−t/th)]× sin2(ωLt/2) (2)
with the Lamor-frequency ωL = g⊥µBB/h¯ and the
Bohr magneton µB to provide quantitative fits to our
data. Example fits are presented as solid lines in Fig 3(a),
the dashed lines showing the data recorded at zero field,
determined primarily by the tunneling of the hole out of
the molecule (compare Fig. 2(c)). Most strikingly, the
oscillations of the ∆I transients detected for cross- and
co-circular configurations are seen to be fully modulated
between the upper envelope and zero. In particular, the
fact that ∆I repeatedly approaches zero for an initially
allowed transitions demonstrates negligible loss of coher-
ence during the lifetime of the hole, limited by tunneling.
In addition, the magnitude of ∆I (A± = 1.5 ± 0.15 pA)
and the contrast between the polarization configurations
remains the same for all magnetic fields, demonstrating
that the purity of the hole spin preparation remains high
even at larger magnetic fields. This finding is in strong
contrast to single dot experiments where the purity of the
hole spin initialization decreases significantly to < 50%
for elevated B18, most likely due to the simultaneous pre-
cession of electron and hole spins before the electron tun-
nels out. However, in our experiment the ultrafast ex-
traction of the electron suppresses interactions between
electron and hole so that purity of the initialization re-
mains close to unity.
In order to quantitatively extract the in-plane hole g-
factor we plot h/(µBT ) versus B, where T is the oscil-
lation period of the hole spin precession (cf. Fig. 3(c)).
The values of T are obtained from the fits with eq. 1 and
2 to measurements as presented in Fig. 3(a). The values
from fitting the cross- (co-) circular transients are de-
picted in black (red). Both values are in excellent agree-
ment and show a linear B-dependence consistent with
g⊥ = 0.121±0.001. This measurement is fully consistent
with refs.11 and18, indicative of weak hh-lh coupling23
and indicating that the coupling to nuclear spin may in-
deed have near ideal Ising form.4
In summary we have investigated the dynamics of a
single hole spin in a QDM. Perfect Pauli spin blockade in
the X → 2X and h+ → X+ is observed. Most strikingly,
we have realized the initialization of a single hole spin
within 3 ps and with a purity exceeding 96%. In addi-
tion, we have measured the Larmor precession of a single
hole spin in a lateral magnetic field and demonstrated
that the purity of the initialization remains unaffected
for magnetic fields up to 4T .
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